Introduction
The four-electron reduction of oxygen to water is a reaction that is intrinsic to fuel cell technology, 1 and is commonly catalyzed at the cathode by platinum impregnated in carbon. 2 However, the high loadings of this precious metal that are required to achieve appreciable activity, combined with issues of decomposition and deactivation through poisoning has led to a plethora of research into new catalysts derived from base metals such as Co and Fe. 3, 4 Significantly, it has been found recently that combinations of Co and polypyrrole, 5 or pyrolyzed Fe or Co nitrogen-doped carbonaceous materials 6, 7 exhibit activities and longevity that approach those of Pt-based electrodes. Even with these elegant advances, the study of molecular compounds that can catalyze oxygen reduction remains important as it can provide synthetic, structural, and mechanistic information not available for more complex, and generally surface-based systems.
Binuclear cofacial diporphyrins and dicorroles, especially those of cobalt, have been intensively studied as they can act as catalysts for the four-electron reduction of oxygen. Important mechanistic details of the oxygen reduction reaction (ORR) have been elucidated through evaluation of these molecular systems, such as the significance of the M···M separation, the acid-base characteristics of the system, and the proposed key involvement of the superoxo-intermediate as a director of reaction selectivity. [8] [9] [10] [11] [12] Furthermore, the second metal, which can facilitate binuclear O 2 binding and adjust the pKa of dioxygen adducts so favouring fourelectron chemistry, can also be replaced by a suitable hydrogen bond donor or acid/base appendage. As alternatives to cofacial diporphyrins that are typically difficult and time-consuming to synthesize, we have developed straightforward synthetic procedures to Schiff-base pyrrole macrocycles which, on metallation, form similar 'Pacman-shaped' bimetallic structures in which the primary metal coordination sphere and separation are well-controlled. 14 These macrocycles were also developed independently by Sessler and coworkers. 15 Binuclear cobalt complexes of the first generation macrocycle H 4 L o (Chart 1) were isolated and the peroxo complex [Co 2 (-O 2 )(py) 2 (L o )] characterised structurally; the peroxo ligand was found to bridge the two metals within the molecular cleft in a Pauling bonding mode. 16 This preference for the formation of the peroxo complex, combined with the tendency to form stable hydroxo-bridged compounds, led to poor activity in oxygen reduction catalysis. 17 Modification of the meso-substituent from methyl to fluorenyl (H 4 Figure 1 , with crystal data and selected bond lengths and angles detailed in the Supplementary Information, Tables S1 and S2, respectively.
In the unsolvated complex 1, the double-pillared anthracenyl backbone is face-to-face π-stacked with a shortest C-C separation between opposing aryl rings of 3.368(7) Å and deviation from co-planarity of 9.8. 
Structural characterization of an aqua-hydroxy double salt
We have been unable to grow crystals of the product of the reaction between 1 and O 2 and so cannot confirm its identity. However, when a dilute (mM) solution of 1 in an electrolyte mixture of PhCN, Bu 4 NBF 4 and pyridine was exposed to air, a small number of crystals were formed and were found to be the new binuclear Table 1 for characteristic geometric data, and Supporting Information, Tables S1 and S2 for crystal data and selected bond lengths and angles, respectively);
due to the lack of material isolated, no further characterisation of 2 was made. 31 In contrast to cobalt complexes of the variants of L, for which peroxo, 16 superoxo, 18 and now aqua-hydroxy species have been characterised crystallographically, structural information for related cobalt cofacial diporphyrin complexes that incorporate oxygen species is unknown.
Examination of the extended solid state structure of 2 reveals that an interesting hexagonal structural motif has formed (Figures 2c and 2d) . could not be modelled satisfactorily and so were accounted for using the SQUEEZE routine of PLATON.
The assembly of discrete metal complexes into large, cyclic structures and metal-organic frameworks in which the metal complex retains potential catalytic function is becoming increasingly prevalent. 33 A vanadyl salen complex was found to form a hexameric wheel structure in the solid state, in which weak O=VO=V interactions linked each monomer unit. 34 Alternatively, cyclic structures of metal complexes have also been generated by linking M(porphyrin) subunits through covalent interactions. 35 Furthermore, we reported recently how discrete Co Pacman complexes derived from a ditopic Schiff-base pyrrole/polyether macrocycle assembled into cyclic hexameric structures in the solid state through hydroxide-water-polyether hydrogen bonding interactions. these experiments, no current was seen at the Pt ring (normalized to 23 % efficiency) which shows that hydrogen peroxide is not formed and implies that only four-electron reduction of oxygen to water occurs. The loss of oxygen-reduction activity on repeat cycles is commonplace when using non-platinum metal compounds as catalysts, including those bound in N 4 -donor sets, and has been attributed to either ligand degradation by reactive oxygen species formed during the catalytic cycle or release of the labile metal into solution. 4 Methods such as high-temperature annealing have been employed to access modified electrodes that are more stable to oxidative stress and in some cases have been particularly successful, generating electrodes that proffer good activity over long time periods. 7 However, thermal degradation of the well-defined complex makes analysis of the structure of the resulting catalytic species and the mechanism of reaction extremely difficult. In order to gain a better understanding of the role of 1 in the ORR, in particular to probe the selectivity of the four-electron reduction over the two-electron chemistry, oxygen reduction reactions were monitored by UVvisible spectrophotometry in acidified PhCN solution using ferrocene (Fc) as the electron source ( Figure 3 ).
To enable some correlation to the ORR catalyzed by binuclear cobalt cofacial diporphyins, the conditions used were similar to those employed by Fukuzumi and Guilard, 10 except that the weaker acid CF 3 CO 2 H (pKa in MeCN = 12) was used instead of HClO 4 (pKa in MeCN = 2). 37 Under these former conditions, no background reaction is seen in the absence of catalyst, unlike that observed when using the stronger acids and selectively the four-electron reduction reaction, with no hydrogen peroxide seen by iodometric titration, complete conversion was observed only when higher concentrations of catalyst and acid were used which suggested that the catalyst had limited turnover. 18 Furthermore, longer reaction times were required for the reaction to go to completion, although the use of the more reducing Fe(C 5 H 4 Me) 2 accelerated the rate of reaction. In contrast, for 1, higher concentrations of either catalyst or acid lead to the completion of the reaction within ca. 100s.
It is also interesting to note that for 1 the four-electron reduction reaction proceeds using CF 3 CO 2 H (pKa 12)
as the source of acid and that the use of stronger acids such as MeSO 3 H (pKa 8) or HClO 4 (pKa 2) results in incomplete conversion (Figure 3, bottom) . These results contrast to those seen in cofacial diporphyrin chemistry in that ORR catalyzed by these latter complexes requires stronger acids such as HClO 4 for solely four-electron chemistry to occur, 9 as the use of acids with pKa > 12 resulted in a significant drop in selectivity. Using these latter data, it was reasoned that the basicity of the superoxide intermediate was a key director of the catalytic cycle, i.e. protonation of a basic superoxo ligand resulted in O-O bond scission, whereas rapid initial electron transfer generated peroxide preferentially. Using this rationale as a basis for 1, it is therefore likely that the transiently-formed oxygenated species 1-O 2 contains an oxygen ligand which is rapidly protonated, so favouring O-O bond scission in preference to electron-transfer and the ultimate formation of peroxide. The behaviour of this complex under more strongly acidic conditions is less-easily rationalized, but it is clear that the use of higher concentrations of catalyst promotes complete conversion of O 2 , which is the limiting reagent ( Figure 3 ). This suggests that competition occurs between oxygen-reduction catalysis and catalyst decomposition, the latter possibly occurring through the substitution of Co 2+ by 2 H + by the stronger acid, i.e. the labile metal is stripped from the ligand.
It is apparent from our previous work that the effectiveness of earlier generations of these macrocyclic with no interconversion seen between these two species. 16, 17 This preference for the peroxide results in an ever-diminishing quantity of superoxo cation during the catalytic reaction and hence, even though no H 2 O 2 is formed, this complex is not effective as a catalyst. In contrast to these o-phenylene-backboned macrocyclic complexes, the separation of the two Co centres through the use of the double-anthracenyl pillars in 1 appears to inhibit the spontaneous formation of undesired oxygenates. Furthermore, solutions of 1 in THF or pyridine are inert to oxidation. However, in
PhCN the reversible formation of a new paramagnetic compound is seen, and is reflected in this compound's capacity to act as an efficient catalyst for the ORR. The stoichiometric and catalytic behaviour of this compound is similar to that shown by the related cofacial diporphyrin complex [Co 2 (DPA)] in which the two porphyrinic compartments are separated similarly by an anthracenyl spacer. 25 However, catalysis by 1 proceeds using an acid with a much lower pKa, indicating that the basicity of the coordinated oxygen ligand is higher. 9 Furthermore, the aqua-hydroxy complex 2, isolated from an air-exposed pyridine solution of 1 in the presence of BF 4 -, is a possible intermediate in the overall catalytic cycle.
Conclusions
We have shown that modular variations of structure-directing features of straightforwardly-synthesized 
Experimental Section
The synthesis of H 4 L was carried out as described in the literature; 19 all other chemicals were used as purchased. Except where stated, synthetic procedures were carried out under dry nitrogen using Schlenk and glovebox techniques (Vacuum Atmospheres Omni-Lab) and using dry solvents (THF and toluene by passage through Vacuum Atmospheres solvent towers; pyridine was distilled from potassium and stored over molecular sieves; C 6 D 6 was dried over potassium and trap-to-trap vacuum distilled). PhCN was pre-dried over CaCO 3 , purified over activated alumina and distilled from P 2 O 5 , discarding the first and last 20 %, and was stored under nitrogen until required. 1 H NMR spectra were recorded at 298 K on a Bruker AVA400, or AVA600 spectrometer operating at 400.25 and 599.81 MHz respectively, and all spectra were referenced internally to residual solvent resonances; due to the paramagnetism of the compounds, no 13 C NMR spectra were recorded. The EPR spectra were recorded at 100 K on a Bruker EPX080 spectrometer by Dr Paul
Murray at the University of Edinburgh. IR spectra were recorded as nujol mulls on a JASCO FT/IR 460 Plus spectrometer in the range 4000-400 cm -1 . The UV-Vis spectra were recorded on a Perkin Elmer Lambda 9
UV/Vis/NIR Spectrophotometer. Electrospray mass spectra were recorded using a Thermo LCQ instrument. Table S1 . The structures were solved by direct methods or using SUPERFLIP 38 within the WinGX program suite 39 and refined by full-matrix least square refinement on |F| 2 using SHELXTL-97. 40 Except where stated below, all non-hydrogen atoms were refined with anisotropic displacement parameters and hydrogen atoms were placed at calculated positions and included as part of the riding model. The hydrogen atoms of the aqua hydroxy anion, H100 and H101, were located in the difference Fourier map using a 2-site free-variable refinement procedure and refined with fixed thermal parameters. In the structure of 1/1.THF, some of the toluene solvent of crystallization was disordered and some carbon atoms (C3A3 and C3B3, C4A3 and C4B3, C4A2 and C4B2) were refined using an isotropic model. The structure of 2 presents a disordered pyridine solvent molecule on the 2-fold axis which was refined using an isotropic model. In each unit cell, two BF 4 units could not be located and the structure exhibits large diameter channels along the c axis. 
